The objective of the study was to investigate the antigen specificity and occurrence of individual autoantibodies in mothers of children diagnosed with atrioventricular (AV) block in a nation-wide setting. Patients with AV block detected before 15 years of age were identified using national quality registries as well as a network of pediatric and adult cardiologists and rheumatologists at the six university hospitals in Sweden. Patients with gross heart malformations, surgically or infectiously induced blocks were excluded. Blood samples were obtained from the mothers and maternal autoantibody profile, including the occurrence of antibodies against Ro52, Ro60, La, SmB, SmD, RNP-70k, RNP-A, RNP-C, CENP-C, Scl-70, Jo-1, ribosomal RNP and histones was investigated in 193 mothers of children with AV block by immunoblotting and ELISA. Autoantibody reactivity was detected in 48% (93 ⁄ 193) of the mothers of children with AV block. In autoantibody-positive mothers, the vast majority, 95% (88 ⁄ 93), had antibodies against Ro52, while 63% (59 ⁄ 93) had autoantibodies to Ro60 and 58% (54 ⁄ 93) had autoantibodies to La. In addition, 13% (12 ⁄ 93) of the autoantibody-positive mothers had antibodies to other investigated antigens besides Ro52, Ro60 and La, and of these anti-histone antibodies were most commonly represented, detected in 8% (7 ⁄ 93) of the mothers. In conclusion, this Swedish population-based study confirms that maternal autoantibodies may associate with heart block in the child. Further, our data demonstrate a dominant role of Ro52 antibodies in association with AV block.
Introduction
Congenital complete heart block without anatomical malformations is a rare disease with an incidence of 1 ⁄ 15,000-20,000 in the general population [1] , while the prevalence of complete congenital heart block in pregnancies of women with anti-Ro ⁄ SSA antibodies is approximately 2% [2] . These women are commonly diagnosed with systemic lupus erythematosus (SLE) or Sjögren's syndrome, but may also be asymptomatic. The fetal atrioventricular (AV) block usually develops during the 18th to 24th week of gestation after transfer of the maternal antibodies across the placenta, but can also be diagnosed later [3] [4] [5] . Following reports of increased incidence of sudden deaths in asymptomatic patients with AV block [6] , a pacemaker is now commonly implanted at an early age.
We and others have shown that early treatment of a second degree AV block with high-dose fluorinated steroids may prevent progression of, or even revert the block, decreasing fetal morbidity and mortality [7] [8] [9] [10] . A complete third-degree block is however regarded permanent, stressing the importance to find diagnostic and prognostic markers that will identify the high risk pregnancies and enable timely treatment.
Autoantibodies to the Ro52, Ro60 and La proteins have all been associated with development of congenital heart block (reviewed in Salomonsson et al. [11] ). Several studies highlight a dominant role of antibodies toward Ro52 in the cases of heart block [2, [12] [13] [14] [15] . After reports that maternal antibodies to the amino acid (aa) 200-239 (p200) of the Ro52 protein bind to the cell surface of cardiomyocytes and induce apoptosis of affected cells by dysregulating the intracellular calcium homeostasis [16, 17] , these specific Ro52 ⁄ p200 antibodies were suggested as a serologic marker for an increased risk of having a child with congenital heart block [14, 18] . Anti-histone antibodies have also been implicated in development of congenital heart block [13] , but other common autoantibodies in systemic rheumatic disease have been less systematically analyzed. Knowledge of the occurrence of such specificities may be important to improve diagnostics or better understand the pathogenicity of the condition.
Given the rarity of the condition and to decrease selection bias, we performed a nation-wide study in Sweden to investigate the prevalence of autoantibodies in mothers of children diagnosed with AV block before 15 years of age in a population-based setting. Patients with heart block were identified using national registries as well as a network of clinical investigators at the six university hospitals in Sweden. The mothers of patients identified were asked to participate in the study by donating a blood sample, and the autoantibody profile to 13 autoantigens, including occurrence of antibodies against Ro52, Ro60 and La, was analysed.
Materials and methods
Identification of patients. Patients with AV block detected before 15 years of age were identified combining three different strategies: (1) searching the Swedish national patient register, (2) searching the national Swedish implantable cardioverter defibrillator (ICD) and pacemaker register, and (3) by local clinical pediatric and adult cardiology registers and rheumatology registers at the six university hospitals in Sweden, Fig. 1 .
For identification of patients in the Swedish national patient registers a search using the International Classification of Diagnosis (ICD-8, -9 and -10) codes for AV block II and III was performed in the inpatient and outpatient registers. The inpatient register contains information on medical discharge diagnoses and was established in 1964, with complete nationwide coverage since 1987. The outpatient register contains >90% of all medical specialist visits in Sweden since 2002. This strategy resulted in a set of 9,190 entries from 808 patients.
A separate search was performed in the national Swedish ICD and Pacemaker register. The register was established in 1989, and all 44 centers in Sweden where pacemaker implants are performed are linked to the register, giving a coverage of close to 100% (Annual statistical report 2009, http://www.pacemakerregistret.se/icdpmr/annualReport/2009/annualReport_2009.pdf). Patients receiving their first pacemaker implant before 15 years of age and with the diagnosis AV block were selected, which resulted in a set of 263 patients.
The third approach taken to identify patients with heart block was through identification in local hospital registers of cases or family members seen by cardiologists or rheumatologists at the six university hospitals in Sweden. Two hundred and fifty-nine patients were identified at the Karolinska University Hospital, the Uppsala University Hospital, the Umeå University hospital, the Skåne University Hospital Malmö ⁄ Lund, the Linköping University Hospital and the Sahlgrenska University Hospital.
Overlaps were identified and all unique cases were cross-matched to the Swedish malformation register to exclude patients born with gross heart malformations. In addition, a manual review of all registered diagnosis codes for all individuals was performed to ensure exclusion of patients with significant heart malformations as well as patients with post-operative AV block and patients with infection-induced heart block. After excluding these, 338 individual patients, born during 1914-2010, with AV block diagnosed before 15 years of age remained. Contact was established with 314 of the 338 index cases (93%). The majority of contacted patients chose to participate in the study (279 ⁄ 314, 89%). The mothers of 215 of the participating 279 index cases were alive. To investigate maternal autoimmune-associated serology, the live mothers with children affected by AV block II ⁄ III were contacted and asked to participate in the study and to donate a blood sample. Plasma samples were obtained from 193 mothers and analyzed for autoantibody reactivity. Clinical information on maternal disease was not collected. The study was approved by the Regional Ethical Committee Stockholm, Karolinska Institutet, and all participants gave written informed consent.
Autoantibody analyses. Antibodies against Ro52, Ro60, La, SmB, SmD, RNP-70k, RNP-A, RNP-C, CENP-C, Topo-I ⁄ Scl-70, Jo-1 ⁄ HRS, ribosomal RNP and histones were detected through a commercial line blot analysis (Inno-Lia TM ANA Update, Innogenetics, Cambereley, United Kingdom), according to the manufacturer's instructions.
Autoantibodies to Ro52 were also analyzed by ELISA as previously described [14] . In short, medium-binding 96-well plates (Nunc, Odense, Denmark) were coated with 1 lg per well of recombinant full-length Ro52 protein diluted in carbonate buffer, pH 9.6. Plates were blocked with phosphate buffered saline (PBS) ⁄ 0.05% Tween ⁄ 5% milk powder, and sera were tested at a dilution of 1:500 in PBS ⁄ 0.05% Tween ⁄ 1% milk powder. Bound antibodies were detected by affinity-purified, alkaline phosphatase-conjugated anti-human IgG, IgA or IgM antibodies (Dakopatts, Glostrup, Denmark). Phosphatase substrate tablets (Sigma, St Louis, MO, USA) dissolved in diethanolamine buffer, pH 9.6 were used as substrate. The absorbance was measured at 405 nm. All steps were performed at room temperature except coating, which was performed at 4°C. For the IgG analyses, sera from ten healthy subjects lacking anti-Ro52 antibodies were used as controls and the cut-off for a positive autoantibody test set at the mean of the healthy controls +2 SD. For IgA and IgM analyses, sera from 15 age-and sex-matched individuals were used as controls and cut-off set at the mean of controls +5 SD.
Antibodies to the p200 epitope of Ro52, encompassing amino acid residues 200-239 of the Ro52 protein, were detected using the Wieslab Ò SS-A p200 ELISA kit (Eurodiagnostica, Malmö, Sweden) according to the manufacturer's instructions (Http://www.eurodiagnostica.com). All analyses were performed at the Department of Medicine, Karolinska Institutet during the same time period. The Inno-Lia ANA Update and SS-A p200 ELISA were performed at the Clinical Immunology Unit and the Ro52 IgG, IgA and IgM ELISA at the Rheumatology Unit.
Statistical analysis. The correlation between p200 antibody levels and (i) duration from delivery of a child with AV block or (ii) maternal age at the time of blood sampling for this study was analyzed by the two-tailed Spearman correlation test using the computer software program GraphPad Prism version 5.01. A P value < 0.05 was considered significant.
Results

Identification of index cases and collection of blood samples
Patients in Sweden with AV block, without major cardiac malformations and diagnosed before 15 years of age were identified using three different strategies, Fig. 1 . Mothers were identified via the index cases and contacted. Blood samples from 193 mothers were collected and analyzed.
Maternal autoantibody profiles are dominated by anti-Ro52 antibodies
To investigate the spectrum of autoantibodies carried by mothers of children with AV block, plasma derived from the blood samples was tested in a line blot assaying IgG autoantibodies to Ro52, Ro60, La, histones, SmB, SmD, RNP-70k, RNP-A, RNP-C, CENP-C, Topo-I ⁄ Scl-70, Jo-1 ⁄ HRS and ribosomal RNP. In 52% (n = 100 ⁄ 193) of the mothers no autoantibody reactivity was detected, while 48% (n = 93) of the mothers carried circulating autoantibodies, Fig. 2 . In autoantibody-positive mothers, the vast majority, 95% (88 ⁄ 93), had antibodies to Ro52. Antibodies to Ro60 were detected in 63% (59 ⁄ 93) of the mothers, and 58% (54 ⁄ 93) had autoantibodies to La, Fig. 3 and Table 1 . In four out of the five maternal sera that lacked Ro52 antibodies but had an autoantibodypositive profile, antibodies to Ro60 and ⁄ or La were detected. In one of the five mothers antibodies to histones were detected. Of all the autoantibody-positive mothers 13% (n = 12 ⁄ 93) had antibodies to other inves- tigated antigens besides Ro52, Ro60 and La. Of these, anti-histone antibodies were the most commonly represented and found in 8% (7 ⁄ 93) of the mothers, Fig. 3A .
Autoantibodies to Ro52 of the IgA and IgM isotypes were also investigated in all maternal sera. Nearly half of the investigated IgG anti-Ro52 positive maternal cohort, 47% (41 ⁄ 88), displayed IgA anti-Ro52 antibodies, while 30% (26 ⁄ 88) had IgM anti-Ro52 antibodies, Fig. 3B . In addition, two maternal sera negative for IgG anti-Ro52 antibodies contained IgA anti-Ro52 antibodies, although at levels close to the cut-off value.
Antibodies to the p200 epitope in anti-Ro52 positive sera Antibodies to amino acid 200-239 (p200) have been suggested to be specifically associated with development of heart block, and we therefore investigated p200-specific antibody levels in anti-Ro52 positive mothers. Antibodies toward p200 were detected in 60% (53 ⁄ 88) of sera from Ro52-positive mothers. Samples were considered positive if the arbitrary p200 level was >0.7 (according to manufacturer¢s instructions). Levels of anti-p200 antibodies in all Ro52 positive maternal sera ranged from 0.17 to 4.30 units, 1.4 ± 1.2 (mean, SD), Fig. 4 .
Both the age of the mothers at the time of sampling and the time elapsed between giving birth to a child with AV block and blood sampling differed between the mothers. These factors could potentially affect the p200 antibody levels and an analysis of the correlation between p200 antibody levels and time elapsed since giving birth to a child with AV block as well as maternal age was therefore performed, Fig. 5 . A statistically significant correlation was found between the time elapsed since giving birth to a child with AV block and anti-p200 antibody levels (Fig. 5A) , with lower antibody levels in mothers with a longer time lapse between delivery and blood sampling (r = -0.40, P < 0.0001). In addition, a significant correlation between maternal age at blood sampling and p200 antibody levels was detected (r = -0.33, P = 0.0016), Fig. 5B. A B Figure 3 Antibody profile in mothers with autoantibodies. (A) A majority, 95% (88 ⁄ 93) of the mothers had antibodies against Ro52, while 63% (59 ⁄ 93) and 58% (54 ⁄ 93) demonstrated antibody-reactivity against the Ro60 and La proteins respectively. Antibodyreactivity outside the Ro ⁄ La complex was most frequently directed against histones, and anti-histone antibodies was demonstrated in 8% ( *One Ro52 ⁄ Ro60 ⁄ La antibody-negative mother had only anti-histone antib Figure 4 Antibodies against p200, a sequence within aa 200-239 of the Ro52 protein, analyzed by ELISA. Antibodies against p200 were detected in a majority of mothers carrying antibodies toward Ro52 (53 ⁄ 88, 60%). The line indicates the mean (1.4) and the hatched line represents the cutoff for a negative ⁄ positive test (0.7 units).
Discussion
Congenital heart block is the most serious complication of the neonatal lupus syndrome, and is thought to result from an inflammatory reaction in the fetal heart tissue associated with maternal autoantibodies [16, 19] . The inflammatory reaction may be mild and reversible (AV block I), or more advanced (AV block II) and in such cases commonly leads to fibrosis and calcification replacing the conductive tissue, clinically presenting as a complete irreversible block (AV block III) [20] . Treatment of a second degree AV block with fluorinated steroids has been reported to prevent the initiated block from proceeding to a more severe state, making it important to identify risk pregnancies to allow timely treatment [7] [8] [9] .
In the present study, we identified patients with AV block using a nation-wide register-based strategy, and examined the maternal autoimmune serology associated with AV block detected before 15 years of age in the children. We found that approximately half of the mothers investigated (48%) carried autoantibodies, and of these mothers the vast majority (95%) had antibodies against the Ro52 component of the SSA antigen. A major proportion of these sera contained autoantibodies recognizing the p200 epitope of the Ro52 protein, an epitope that has been linked to the development of CHB in animal models [16] .
Notably, in half of the patients (52%) diagnosed with AV block before 15 years of age in this Swedish cohort, an association with maternal autoantibodies could not be confirmed. We used strategies aimed at identifying all cases on a nation-wide basis, but a potential bias in the inclusion exists as the strategies have different coverage over different time periods. Further, the present study is based on analysis of sera from live mothers, and a higher mortality can be expected for mothers of the autoantibody-positive group which will include mothers diagnosed with SLE, having a shorter life expectancy. This could generate a falsely high number of autoantibody negative pregnancies with AV block, especially for older cases before introduction of more efficient therapy for SLE. Our finding that approximately half of the cases of AV block before 15 years of age associate with maternal autoantibodies is however in line with the relationship regarding autoimmune serology and heart block previously reported by Villain and colleagues in France who described that 49.5% of the mothers carried autoantibodies and 50.5% of mothers had no detectable autoantibodies [21] . Also Julkunen et al. found a substantia proportion, 41%, of non-autoantibody carrying mothers in identification of early-onset AV block in a Finnish hospital-register based study [22] . Different pathogenic mechanisms in the absence of autoantibodies have been suggested, including mono-and polygenetic associations, and these conditions may have a less severe prognosis than heart block associated with maternal autoantibodies [21] [22] [23] .
The finding of a strong association between heart block and autoantibodies, and specifically antibodies against Ro52 ⁄ SSA, confirms previous results reported by us and others [2, 14, 16, 18, 22, [24] [25] [26] [27] [28] . Earlier reports describe an antibody profile in mothers of children with congenial heart block with a prevalent, but not unique, anti-Ro52 antibody response [14, 21, [26] [27] [28] [29] [30] . Previous studies have suggested that antibodies to Ro60 and La have a minor role in predicting the fetal clinical outcome in Ro and La positive mothers [14, 26, 31] , though maternal La antibodies in addition to Ro ⁄ SSA antibodies have been suggested to increase the risk for heart block in the child from 2% to 3.1% [32] . Five of the mothers in this report having children with heart block did not have antibodies to Ro52. However, three of the five Ro52 negative mothers would have been detected as SSA positive as they were anti-Ro60 autoantibody positive. One autoantibody-positive mother with no reactivity against the Ro52 protein demonstrated antibodies against histone only, a rare finding associated with development of heart block reported previously [13] .
An association between congenital heart block and maternal antibodies to the p200 epitope (amino acid 200-239) of the Ro52 protein has previously been demonstrated [16, 18] . The negative correlation observed in this study between the level of anti-p200 antibodies and time elapsed from delivery implies that this may partly account for the low levels of p200 specific antibodies in some of the mothers. A B Figure 5 Correlation of maternal antibody levels to p200 and (A) time elapsed between delivery of child with AV block and blood sampling (r = -0.40, P < 0.0001) and (B) maternal age at the time of blood sampling (r = -0.33, P = 0.0016), respectively.
In conclusion, our data from the Swedish population confirm that maternal autoantibodies are associated with complete heart block in half of the cases detected before 15 years of age, and demonstrate that Ro52 autoantibodies are the most commonly occurring autoantibodies associated with the development of heart block.
